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Abstract

:

In the context of Concentrated Solar Power (CSP) technology, this paper presents a comparison between the Parabolic Trough Collector (PTC) and the Linear Fresnel Collector (LFC), considering both evacuated and non-evacuated receiver tubes. The comparison was carried out in terms of the Levelized Cost of Electricity (LCOE) considering a reference year and four locations in the world, characterized by different levels of direct normal irradiation (DNI) from 2183 kWh/m2/year to 3409 kWh/m2/year. The LCOE depends on economic parameters and on the net energy generated by a plant on an annual basis. The latter was determined by a steady-state 1D model that solved the energy balance along the receiver axis. This model required computing the incident solar power and heat losses. While the solar power was calculated by an optical ray-tracing model, heat losses were computed by a lumped-parameter model developed along the radial direction of the tube. Since the LFC adopted a secondary concentrator, no conventional correlation was applicable for the convective heat transfer from the glass cover to the environment. Therefore, a 2D steady-state CFD model was also developed to investigate this phenomenon. The results showed that the PTC could generate a higher net annual energy compared to the LFC due to a better optical performance ensured by the parabolic solar collector. Nevertheless, the difference between the PTC and the LFC was lower in the non-evacuated tubes because of lower heat losses from the LFC receiver tube. The economic analysis revealed that the PTC with the evacuated tube also achieved the lowest LCOE, since the higher cost with respect to both the LFC system and the non-evacuated PTC was compensated by the higher net energy yield. However, the non-evacuated LFC demonstrated a slightly lower LCOE compared to the non-evacuated PTC since the lower capital cost of the non-evacuated LFC outweighed its lower net annual energy yield. Finally, a sensitivity analysis was conducted to assess the impact on the LCOE of the annual optical efficiency and of the economic parameters. This study introduces key technical parameters in LFC technology requiring improvement to achieve the level of productivity of the PTC from a techno-economic viewpoint, and consequently, to fill the gap between the two technologies.
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1. Introduction


Replacing fossil fuels with sustainable energy sources is a global challenge for the 21st century. This has drawn attention to renewable resources like solar energy [1]. Concentrated Solar Power (CSP) technology is considered an option with great potential because of its capability to satisfy electrical and thermal energy demands as a renewable, sustainable, environmentally friendly and dispatchable form of energy [2]. The dispatchability of the energy produced depends on the integration of the solar field with a thermal energy storage system. The most commercially developed thermal energy storage technology implemented in CSP plants is the two-tank sensible storage system. In this system, cold and hot working fluids are stored in two separate tanks. However, thanks to recent advancements in energy storage technology, a single-tank thermocline storage system has been established, providing a lower investment cost. In addition, latent heat storage technology has been introduced recently to further reduce the capital costs associated with the storage system as well as the size of the storage tank [3].



The thermal energy storage in CSP systems allows for adjusting power generation based on fluctuations in demand, enhancing flexibility within the energy network. Moreover, it ensures a long-term stable power output even during low solar radiation or during the night, unlike some other renewable sources like PV and wind, which cannot provide stable power because of their absolute dependence on the environmental conditions. Furthermore, CSP systems have the advantage of the possibility of coupling with fossil fuels or other renewable energy sources [4].



Among different CSP technologies, the line-focusing systems include the Parabolic Trough Collector (PTC) and the Linear Fresnel Collector (LFC). The latter offers significant economic advantages because of its simple and low-cost design; however, the LFC suffers from a low optical efficiency compared to the PTC [5,6,7]. A PTC consists of parallel rows of long parabolic mirrors, while, in the LFC, the parabolic mirror is replaced by a series of nearly flat mirror stripes. Both these systems concentrate solar radiation over a focus line, where the receiver tube is located. The LFC also adopts a secondary concentrator mounted above the receiver, which allows for reconcentrating the solar radiation that misses the receiver. In the typical case of a single-tube receiver, the secondary concentrator is a Compound Parabolic Concentrator (CPC).



A receiver tube consists of a metallic absorber tube encapsulated in a glass envelope. An alternative receiver design for the LFC system is a multi-tube configuration [8,9]. The evacuated receiver tube provides the opportunity to evacuate the gap between the absorber tube and the glass, with the aim of reducing the convective heat loss and protecting the selective coating of the absorber tube from the air. However, further life cycle costs associated with an evacuated tube compared to a non-evacuated tube should be taken into account, as creating and maintaining the vacuum implies further costs. In addition, maintaining the evacuation in the gap region can be a challenge from an operational point of view since it may be lost due to unexpected accidents or physical damage to the joints. This is crucial to ensuring the minimization of convective heat losses from the receiver tube to the external environment. On the other hand, the stability of the non-evacuated coatings in air at high temperatures is still under debate. Recent studies have demonstrated important advances in the stability of these coatings at medium-high temperatures after several hours of use [10,11,12]. For instance, Rossi et al. [12] investigated new developed spectrally selective coatings for linear receivers operating in air at a high temperature (600 °C). These coatings confirmed their good thermal and optical stability, since only slight variations were observed in the optical properties of the coatings after over 2000 h of aging in open air conditions. Solar absorptances of 73% and 87% and thermal emissivities of 18% and 27% were reported through thermal oxidation and the sputtering process, respectively.



In the LFC, the secondary concentrator is expected to perturb the external air flow around the receiver tube, and consequently, the convective heat losses that lower the thermal efficiency of the receiver. In this regard, some studies have been conducted considering the LFC with a multi-tube receiver and a trapezoidal secondary concentrator that is closed at the bottom by a flat glass plate. Pye, Morrison and Behnia [13] investigated the unsteady flow patterns in the trapezoidal cavity of a CLFR, and they proposed a Nusselt number correlation derived from CFD simulations, which was based on the Grashof number and on the cavity depth and width. Natarajan, Reddy and Mallick [14] developed a 2D steady-state CFD model to study combined natural convection and surface radiation heat transfer in the trapezoidal cavity absorber of a CLFR. Based on this numerical simulation, a Nusselt number correlation was proposed for the combined natural convection and surface radiation, which was a function of the Grashof number, absorber angles, surface emissivity, aspect ratio, temperature ratio and radiation-conduction number. Moving to the single-tube receiver LFC configuration, Guadamud et al. [15] studied its heat transfer in a single tube using a three-dimensional unsteady CFD model. The distribution of the Nusselt number around the azimuthal direction of the receiver tube was obtained. However, only one specific condition was considered, and no correlations were developed for the Nusselt number. Furthermore, Cagnoli et al. [16] evaluated the impact of the CPC of an LFC receiver unit on the heat losses from the absorber tube to the external ambient using 2D and 3D CFD models for the transversal and parallel wind directions as well as for natural convection. The analysis showed a slight change in the receiver performance independently of the wind direction and intensity because of the shielding effect of the CPC, but no correlations were developed for the Nusselt number. Therefore, to the best of our knowledge, no correlations to date have been established for the Nusselt number that apply to the case of the single-tube LFC receiver with a CPC secondary concentrator. Two such correlations will be derived in the present work for the cases of natural and forced convection, respectively.



To make a fair comparison among different configurations of the PTC and LFC, it was essential to perform annual optical, thermal and economic analyses. Morin et al. [5] performed a comparative analysis of a reference evacuated PTC and various configurations of the evacuated and non-evacuated LFC with CPC in terms of annual optical and thermal efficiency and electricity generation costs. As the LFC receiver tube with a 7 cm diameter represented better thermal performance in comparison with the large-diameter one (with 14 cm diameter), it was concluded that smaller receiver designs of the LFC would be more efficient. It was also proven that the LFC technology had a lower optical and thermal efficiency compared to the PTC; however, it was stated that, potentially, the lower cost per aperture area could compensate for the lower efficiency. However, they did not include all four linear technologies in their study as the non-evacuated PTC was not investigated. Furthermore, a glass plate was arranged at the bottom of the receiver unit for the LFC in their study, while a glass tube was considered in the present paper.



Cau and Cocco [17] compared the thermal performance of medium-sized (1 MWe) CSP plants comprising an Organic Rankine Cycle (ORC) unit integrated with the PTC and the LFC, using evacuated receiver tubes. The results revealed that the CSP plants based on the LFC led to higher electrical energy production per unit area of land; but, because of higher optical efficiency, the PTC provided more energy per unit area of solar collector and consequently higher conversion efficiencies. This work was then followed by Cocco and Cau [18], where an economic analysis was performed reporting that the evacuated LFC was not yet competitive with the evacuated PTC due to higher energy production cost. Nonetheless, these studies did not perform a comprehensive comparative analysis among all linear CSP technologies since they focused only on the evacuated tubes and the non-evacuated configurations were not investigated.



Sait et al. [19] optimized the performance and the cost of a Fresnel-based modular solar field through an optical and thermal analysis and compared the results with a PTC reference plant. In their study, a multi-tube receiver was considered for the LFC with eight tubes, a wedge-type secondary concentrator and a glass plate at the bottom of the receiver unit. It was reported that annual solar-to-electricity efficiency could be close to the state of the art in PTCs due to the reduction in costs thanks to lighter structures. The comparison showed that the Fresnel solar field had the potential to generate a certain level of power with approximately 2/3 of the cost of the PTC plant. However, the non-evacuated PTC and the LFC with a CPC were not included in the analysis.



Furthermore, Rovira et al. [20] compared the annual performance and the economic feasibility of integrated solar combined cycles using the PTC and the LFC and claimed that thermal contribution would be higher with the PTC, but the LFC could improve the economic feasibility of the plant. Nevertheless, the non-evacuated configurations were not investigated in this study. Purohit and Purohit [21] evaluated the technical and economic potential of CSP systems in India and suggested the best locations across the country for CSP plants with the lowest Levelized Cost of Electricity (LCOE). The non-evacuated configurations were not considered in this assessment as well.



Some research works have also provided economic comparisons between evacuated and non-evacuated tubes. Bendato et al. [22] measured the impact of technical solutions on the economic performance indicators for three different configurations, an evacuated tube, a simply encapsulated tube and a tube with a glass plate closing the CPC unit at the bottom, by using regression meta-models built based on the theory of response surface methodology. Their results showed that, from an economic point of view, the best technological configuration would be the vacuum-sealed tube. On the contrary, the less favorable configuration was the tube in air with a glass jacket. However, only the LFC was investigated in this work. Montes et al. [23] conducted a comparative thermal and economic analysis for three single-tube receiver tubes including evacuated, non-evacuated and non-evacuated with a glass plate at the aperture. Their work studied the annual electricity cost of Fresnel plants with a hybrid loop and demonstrated that the robustness, simplicity and lower investment of the non-evacuated tubes could compensate for the higher heat loss. Nevertheless, the comparison did not involve the PTC, but only the LFC. Moreover, the thermal and economic performances of evacuated and non-evacuated PTCs were assessed by Osorio and Rivera-Alvarez [24] based on the thermal output per unit cost of the plant. It was claimed that the evacuated PTC generally provided higher thermal output per unit cost. Their work did not investigate the LFC and focused only on the PTC.



Most recently, Bellos [25] studied the potential of CSP technologies in different locations in Greece to find the most promising solution. The computed results of the LCOE for the PTC and the LFC based on the yearly DNI showed that the PTC represented a lower LCOE for different DNI values. However, the non-evacuated systems were not included in the study, and the analysis was constrained to Greek locations.



Consequently, reviewing the literature revealed the lack of a comprehensive comparative techno-economic analysis of PTC and LFC systems comprising evacuated and non-evacuated tubes. Particularly, a notable feature of this analysis is the comparison between a non-evacuated LFC and non-evacuated PTC, which is absent from the existing literature. Moreover, the application of a new selective coating (AIR PLUS) under development at ENEA, for non-evacuated tubes, might provide new insights into the economic viability of non-evacuated tubes. Furthermore, a sensitivity analysis was performed to identify key technical parameters in the LFC system that required enhancement to make this technology comparable with the PTC from a techno-economic viewpoint.



In this study, first, a mixture of molten salt (60%wt. NaNO3 + 40%wt. KNO3) working in the temperature range of 290–500 °C was considered as the HTF, and then a sensitivity analysis was performed using two diathermic (Therminol VP-1 and DelcoTerm Solar E15 (Eastman, Kingsport, Tennessee, USA)) oils working in the temperature ranges of 290–400 °C and 180–300 °C, respectively. This paper is organized as the following: In Section 2, the linear CSP systems considered in this study are described for both the PTC and LFC technologies. In Section 3, the methodology adopted to conduct this analysis is presented. Then, the ray-tracing optical model is presented, which was aimed at computing the absorbed solar heat flux (Section 4). Subsequently, the thermal model is explained in Section 5, including four subsections: the 1D model along the receiver axis to obtain net annual energy yield for each technology (Section 5.1), the lumped-parameter model in the radial direction to compute the heat losses from the receiver tube (Section 5.2), the 2D steady-state CFD model of the LFC receiver unit, which computes convective heat transfer (Section 5.3), and the corresponding results of the thermal analysis (Section 5.4). Finally, a comparison is presented among the different configurations from an economic point of view based on the LCOE, by coupling the results of the 1D model in terms of the net annual energy yield to the economic data collected from the literature (Section 6), including a sensitivity analysis based on the parameters that affected the LCOE (Section 6.1), namely the optical efficiency (Section 6.1.1), HTF (Section 6.1.2) and economic parameters (Section 6.1.3).




2. Description of the Systems


This section describes the PTC and the LFC systems considered in this study. As a reference system for the PTC, one line of collectors with an aperture width of 5.9 m and a receiver tube with the external diameter of 0.07 m and total length of 800 m were considered, while for the LFC, 10 rows of parallel mirrors with an aperture width of 0.625 m each and a receiver tube with an external diameter of 0.07 m, a secondary concentrator of CPC type and a total length of 800 m were assumed [16,26,27,28,29]. The chosen values for the main geometric and optical parameters of the solar field are provided in Table 1 for both technologies. Figure 1 displays the scheme of the cross section of the receiver unit adopted in the LFC, including the materials for the different components. The secondary concentrator was a Compound Parabolic Concentrator (CPC). The absorber tube was made of a metallic material, encapsulated in a glass cover to reduce both convective and radiative thermal losses. The gap region between the absorber tube and the glass tube could be kept either under vacuum conditions (10−2 Pa), to enhance thermal insulation, or it could be simply filled with air at the atmospheric pressure. The absorber tube transferred the energy of the concentrated solar radiation to the HTF, which was molten salt (60%wt. NaNO3 + 40%wt. KNO3 [30]) in this study. In order to make the comparison between the PTC and the LFC as fair as possible, the same operating temperature of the HTF was considered (290–500 °C).



A selective coating was applied on the outer surface of the absorber tube to improve its photothermal performance. Regarding the evacuated tube, a commercially established selective coating (CERMET) was considered [31]. For the non-evacuated tube, a selective coating (AIR PLUS) under development at ENEA, which was suitable for working in air, was adopted in this study. Table 2 represents the emissivity and absorptivity of these two coatings for the evacuated and non-evacuated tubes, and Figure 2 depicts the emissivity equations.




3. Methodology


Figure 3 summarizes the methodology implemented in this study to compare the PTC and LFC technologies from optical, thermal and economic points of view. As shown in Figure 3, firstly, an optical ray-tracing model was developed using a ray-tracing code (Tonatiuh) to compute the incident angle modifier (IAM) and the reference optical efficiency for a given PTC or LFC plant (see Section 4). This model provided the solar power incident over the receiver, which was required for the thermal analysis by the lumped-parameter and 1D thermal models. Regarding the thermal analysis, initially, a 2D CFD model was developed to estimate the convective heat losses (see Section 5.3) in the case of the LFC receiver unit. In fact, the presence of the secondary concentrator made the development of this model necessary to evaluate the convective heat transfer between the glass cover and the environment as it could be approximated by adopting correlations available in the literature (e.g., suitable for cylinders in cross flow) only in the case of the PTC. The results of the CFD model in terms of the Nusselt number were exploited by a steady-state lumped-parameter model, developed in the radial direction by the Modelica language. The lumped-parameter model aimed at computing the heat transfer phenomena along the radial direction for a given incident solar heat flux, HTF temperature, mass flow rate, ambient temperature and (transversal) wind speed (see Section 5.2). This model calculated the heat losses from the absorber tube toward the environment for any given temperature of the HTF. The computed functions of heat losses were then exploited by the 1D thermal model, developed along the axial direction, to solve the energy balance of the heat transfer fluid, considering the hourly ambient temperature, wind speed and DNI data for the whole year (see Section 5.1). Therefore, the net annual energy yield could be calculated by the 1D model to be used in the economic analysis. To perform a comparative economic analysis based on the LCOE (see Section 6), the cost data were also required in addition to the net annual energy yield. In the present work, these cost data were collected from the literature.




4. Optical Analysis


This section presents the optical analysis, which was aimed at determining the thermal driver of the thermal analysis; namely, the incident power on the absorber tube per unit meter was computed as the following [17]:


    q   i n c   = D N I ×   A   c   ×  η 0  × IAM ×  η end  ×  η shd  ×  η cln   



(1)




where   D N I   is the direct normal irradiance in W/m2, Ac is the collector aperture area in m2, ηend is the end-loss efficiency, and ηshd and ηcln are the shadow efficiency and the mirror cleanliness efficiency, respectively (both assumed to be equal to 1 in this study). The term    η 0    is the reference optical efficiency, i.e., the optical efficiency considering the Sun at the zenith, while the   IAM   is the incidence angle modifier.



The end-loss efficiency, which considers the non-irradiated receiver length at the solar field border depending on the Sun’s position, is defined as the following:


   η end  = 1 −    F   L    × t a n (   θ   l   )  



(2)




where F is the focal length, L is the length of the collector line and     θ   l     is the longitudinal incidence angle.



The IAM provides the ratio between the optical efficiency (Equation (3)) at a given incidence angle and the reference optical efficiency, at an equal DNI and aperture width. The incidence angle modifier is typically divided in the longitudinal (    I A M   L    ) and transversal (    I A M   T    ) components (see Equation (4)).


  η =      q   0     D N I × w     



(3)






  I A M =   I A M   T   (   θ   t   ) ×   I A M   L   (   θ   l    )   



(4)







In Equation (3), q0 is the absorbed solar flux per meter of collector length, given in W/m, and w is the mirror aperture width in m.



In order to determine the IAM components, as well as the reference optical efficiency, a ray-tracing model was developed using Tonatiuh [32] for both the LFC and PTC, which could compute the incident power on the absorber tube for any given Sun position. The model was based on the geometric and optical properties in Table 1, except for the collector length, which was shortened to 20 m, while the receiver was 10 m long and translated along the axial direction, depending on the Sun’s position, to keep the absorber tube in the irradiated area. This allowed for the removal of any border effect, which was not taken into account in the IAM since it was considered in Equation (2). Figure 4 shows an example of the simulated solar system visualized in Tonatiuh.



The reference optical efficiencies (Sun at zenith) computed using the ray-tracing model were equal to 0.839 and 0.878 for the LFC and the PTC, respectively. As expected, the efficiency was lower for the LFC because it only approximated a parabolic collector. A set of simulations was performed to evaluate the     I A M   L     and     I A M   T    , considering the Sun belonging to the collector longitudinal and transversal plane, respectively, and varying the Sun’s altitude. Figure 5 shows the computed IAML and the IAMT as a function of the incidence angle for both the technologies. For the PTC, the transversal component of the IAM was equal to 1 independently by the incidence angle, which arose from the fact that, in the PTC collector, the solar rays were always in the same plane as the normal vector to the aperture.




5. Thermal Analysis


The aim of the thermal model was to allow for the computation of the net annual energy yield for the LFC and the PTC, which was a key parameter in the economic analysis (Section 6). In this respect, a 1D model was developed to solve the energy balance of the HTF along the receiver axis (see Section 5.1). This model exploited the results of the lumped-parameter model that computed the heat losses from the absorber tube for any given HTF temperature (see Section 5.2). The lumped-parameter model was supported by a CFD model for the case of the LFC to simulate the external air flow in the presence of the secondary concentrator, determining proper correlations for the convective heat transfer coefficient (see Section 5.3). Finally, the results of the 1D thermal model in terms of the net annual energy yield are presented in Section 5.4.



5.1. D Model


To perform an economic analysis, determining the net annual energy yield was required. For this purpose, a 1D model was developed to solve the steady-state energy balance equation for the heat transfer fluid along the receiver axis direction (see Equation (5)). The steady-state assumption for this model, which was aimed at computing an annual-based scenario, was justified, since the HTF temperature profile along the tube remained consistent during the daytime due to the continuous regulation of the mass flow rate based on the DNI. The model can be defined as


      Q   a b s   −   Q   l o s s   ( T )   Δ x =   m  ˙    ∫    T   i       T   o        c   p     T   d T    



(5)




where   Δ x   is the length of the i-th control volume of the pipe given by the spatial discretization,     m  ˙    is the imposed mass flow rate of the HTF,     c   p     is the specific heat as a function of the HTF temperature, and     T   i     and     T   o     are the HTF temperatures entering and leaving the control volume, respectively.     Q   a b s     and     Q   l o s s     are the absorbed heat flux and the heat loss toward the environment per unit length, respectively.



Figure 6 provides a schematic representation of this model. The required boundary conditions included the HTF inlet temperature and the net thermal power transferred to the fluid per unit of receiver length, which corresponded to the absorbed heat flux (computed through the incident heat flux provided by the optical model, see Section 4) net of the heat losses (provided by the lumped-parameter model, see Section 5.2). During the night, a minimum outlet temperature of 260 °C was imposed to keep the molten salt 20 °C higher than the freezing point [33], and accordingly, the minimum mass flow rate was calculated to satisfy this outlet temperature. However, during the daytime, the HTF outlet temperature could increase up to 500 °C and the mass flow rate had to be regulated based on the DNI, wind speed and ambient temperature (which was proven to be highly dependent on the DNI). In this regard, once the DNI (and consecutively absorbed heat flux) started increasing, first, the HTF outlet temperature increased to reach the maximum outlet temperature of 500 °C, and then, the mass flow rate was regulated based on the variation in the DNI. Therefore, in cases of seasonal fluctuations or transient impacts like cloud cover, which resulted in low DNI values, the HTF outlet temperature could not reach 500 °C, while the mass flow rate was considered to remain equal to the setpoint value. The mass flow control strategy based on DNI included a few steps: first, the energy balance equation (Equation (5)) was applied for the entire receiver tube as a single control volume considering the absorbed solar power, mean heat loss and the receiver inlet/outlet temperatures, which provided an initial estimate for the mass flow rate. Then, this first guess for the mass flow rate was exploited by Equation (5) with the spatial discretization of the pipe to compute the required receiver length, ensuring the desired temperature increase of the HTF (290–500 °C). The deviation between the computed length and the design receiver length (800 m) was utilized to refine the mass flow rate evaluation. This procedure was iterated by computing the new receiver length using the updated mass flow rate value and continued until the computed receiver length was equal to the design value, indicating the accurate mass flow rate for the given DNI. Due to the appropriate initial estimate, three iterations were mostly enough to achieve the convergence in this approach. Regarding the space discretization, the receiver axis was divided in 160 control volumes of equal length,   Δ x  , equal to 5 m. The grid independence of the results was verified.



To compute the net energy yield, i.e., net electricity output, by the 1D thermal model, a power cycle efficiency of 38% was considered for the Rankine cycle regarding the maximum HTF outlet temperature (500 °C) in this study [34,35].



As given in Equation (5), the 1D thermal model relied on the absorbed heat flux per unit length (    Q   a b s    ) and the heat losses per unit length (    Q   l o s s    ). While the former could be obtained by converting the incident power on the receiver tube given by the optical model (see Section 4), the latter had to be determined as a function of the HTF temperature through a lumped-parameter model developed in the radial direction of the receiver tube, which is represented subsequently in Section 5.2.




5.2. D Lumped-Parameter Model


This section presents the lumped-parameter model of the receiver tube cross section, which was developed using the Modelica language. This model was aimed at correlating the heat losses to the temperature of the HTF in order to determine the net power transferred to the heat transfer fluid in the 1D model (see Section 5.1). The lumped-parameter model solved the steady-state energy balance along the radial direction of the evacuated and non-evacuated receiver tube, considering the heat transfer phenomena displayed in Figure 7. The model was based on [36], with the assumptions introduced in [16], which were the following: (1) the heat loss by conduction through the support structures is negligible; (2) the glass is not fully opaque in the infrared range; and (3) the temperature of the cold sink for the heat loss by radiation, in the LFC’s case, is ambient temperature, instead of sky temperature, because the CPC prevents the receiver from seeing the sky. The boundary conditions required from the model included the temperature of the HTF, the ambient temperature, the wind speed and the solar power per unit meter of receiver length incident on the absorber tube and on the glass envelope. The incident solar power came from the optical model (Section 4); the lumped-parameter model applied the absorptivity of the glass and of the selective coating applied on the absorber tube (Figure 2) to determine the share absorbed on the surface. As shown in Figure 7, the heat losses from the outer surface of the glass to the external ambient occurred by radiation and convection. The former was evaluated according to the Stefan–Boltzmann law, given the temperature of the cold sink. The convective share had to be calculated by means of Newton’s law of cooling, introducing a proper heat transfer coefficient. The latter could be determined using the Churchill–Chu and Zhukauskas correlations for natural and forced convection, respectively, in the case of the PTC [37]; however, in the case of the LFC, there were no conventional correlations applicable for the convective heat transfer between the glass cover and the environment. Therefore, such correlations had to be obtained by investigating the external air flow around the LFC receiver unit through a CFD model. The relevant correlations were established for the LFC receiver unit for natural and forced convection by a 2D steady-state CFD model, as described in Section 5.3.



Validation


The lumped-parameter model was validated against the experimental data provided by ENEA for the SCHOTT PTR®70 receiver tube [38]. The experiment was conducted at the ENEA Casaccia laboratory. In this test, a receiver tube with a length of about 4 m was heated by the Joule effect until it reached a practically uniform tube temperature (Figure 8). At this point, the heat loss toward the environment was measured, which was equal to the electrical power to be provided to keep the tube at the desired temperature. The inner wall temperature was measured by nine thermocouples arranged on the inner wall of the tube. As shown schematically in Figure 8, three thermocouples were located about 40 cm from the end of the tube, while the other three were located about 25 cm from the opposite end, and the last three thermocouples were located at the center of the receiver tube. The thermocouples were arranged with an angular distance of 120° among them. Both ends of the tube were closed in order to avoid air replacement inside the tube.



To reproduce the experimental conditions, the model was modified. First, the thermal driver of the model was changed by replacing the solar heat flux with an imposed temperature on the absorber tube’s inner wall. This implied that there was no more heat flux applied on the receiver tube and on the glass cover and that the convective heat transfer with the HTF was removed. Then, the new input data comprising coating data, tube wall temperatures and ambient temperatures were implemented. The wind speed was set to 0 (natural convection) since the test was conducted in a closed environment.



Figure 9 compares the values of the heat loss computed by the lumped-parameter model with the results of the experiment. As evident, a good agreement was obtained; i.e., the model well reproduced the experimental data, with deviation always being less than 6% and ~4% on average.





5.3. CFD Model


The LFC receiver unit was investigated by means of a 2D (receiver cross section) steady-state CFD model developed using STAR-CCM+ (v. 2021.3) [39]. The CFD model was already been presented in [16]. The computational domain included the external air flow and the CPC unit; therefore, it did not include the receiver tube consisting of the absorber tube encapsulated in a glass envelope and the internal oil flow. The presence of the receiver tube was replaced by a boundary condition applied on the glass outer surface, where a uniform temperature was imposed. The latter was a valid assumption because of the slight temperature difference in the azimuthal direction within the glass envelope [16]. On the left side of the computational domain, transversal wind speed was imposed together with the (ambient) temperature of the incoming air, while on the opposite side of the domain, ambient pressure was imposed by means of a “pressure outlet” boundary condition. It can be noted that the receiver unit was not placed in the center of the external air domain, but toward the inlet section of the wind, to ensure that the vortices released downstream of the receiver unit were solved within the computational domain. In the case of no wind (pure natural convection), the ambient pressure was imposed on the top and the bottom sides of the domain, while the left and the right sides were set to be symmetrical planes. The air inside the CPC was kept at atmospheric pressure.



The computational domain was discretized, generating a mesh consisting of polygonal cells. The mesh was structured to be more refined close to the receiver unit in order to ensure the accurate solution of the velocity and thermal gradients at the near-wall regions. The mesh was also structured with different sizes in the whole domain to capture the vortices established close and downstream of the receiver. A mesh sensitivity analysis was conducted, and the minimum number of polygonal cells in the domain to achieve mesh-independent results was 1.9 × 105.



The CFD model was exploited to determine proper correlations, in terms of the Nusselt number, for the convective heat transfer between the glass and the surrounding air, considering both the cases of natural convection (absence of wind) and forced convection (wind). Once the Nusselt number (    N u   D    ) was determined, the convective heat transfer coefficient could be obtained by Equation (6):


  h =    k   D      N u   D    



(6)




where   k   is the thermal conductivity at film temperature in W/m. k and   D   is the outer diameter of the tube.



In this respect, a wide parametric space was investigated, which included the wind speed, ambient temperature and glass temperature. Table 3 outlines the specified limits for these three parameters in the CFD analysis. Concerning the wind speed and ambient temperature, a reasonable range of values was considered to take into account the vast majority of the weather conditions corresponding to the meteorological data for the reference locations considered in this study. The range of the glass temperature was determined according to the HTF temperature range considered in this study (290–500 °C).



The results of the CFD analysis are presented in Section 5.3.1 and Section 5.3.2 for natural and forced convection, respectively.



5.3.1. Natural Convection


The results of the CFD model in the absence of wind were first compared against the correlations provided by Churchill and Chu (Equation (7)) and Morgan (Equation (8)) for the case of natural convection around a long horizontal circular cylinder [37]. This comparison was performed by removing the CPC from the computational domain.


      N u  ¯    D   =     0.60 +    0.387     R a   D   1 / 6       [ 1 +   ( 0.559 / P r )   9 / 16   ]   8 / 27          2    



(7)






      N u  ¯    D   = C     R a   D   n    



(8)




where     R a   D     represents the Rayleigh number for air based on the glass envelope’s outer diameter,   P r   is the Prandtl number for air at film temperature, and   C   and   n   are given in [37]. Figure 10 compares the Nusselt number computed by the present CFD model with the two correlations aforementioned, considering five different combinations of the parameters that resulted in as many values of the Rayleigh number. The obtained Rayleigh number covered the whole range in which the correlations were applicable. The Nusselt numbers computed by the CFD model agreed well with those obtained by the correlations. According to Figure 10, the maximum deviation observed in the results was 7.76%, which was quite favorable. This is because, as noted in [37], an accuracy of 20% would be acceptable for most engineering calculations in this problem.



At this point, the CPC was reintroduced in the computational domain to simulate the Fresnel case. Then, the CFD model was run again, considering the same Rayleigh numbers of the previous case. As shown in Figure 10, a significant difference could be detected between the cases with and without the CPC unit. The values were lower for the Fresnel case because of the rather low convective heat transfer around the glass envelope due to the presence of the CPC unit, which trapped the heated air moving upward because of buoyancy forces. As displayed in Figure 10, in the case of the Fresnel receiver unit, a linear equation could be found for the Nusselt number as a function of the Rayleigh number for the Fresnel case. This linear correlation (see Equation (9)) well explained the data, with the coefficient of determination (    R   2    ) being about 0.99.


      N u  ¯    D   = 6.90 ×   10   − 7     R a   D   + 7.85  



(9)








5.3.2. Forced Convection


Similar to natural convection, in the case of forced convection, the model was first compared against a well-established correlation available in the literature for the case of the cylinder in cross flow, i.e., without the CPC. Particularly, the Zhukauskas correlation [37] was considered here (see Equation (10)).


      N u  ¯    D   = C     R e   D   m       P r   a   n            P r   a       P r   g          1 / 4    



(10)




where     R e   D     is the Reynolds number based on the glass envelope’s outer diameter,     P r   a     and     P r   g     are the Prandtl numbers evaluated at the atmospheric and the glass temperatures, respectively, and   C  ,   m   and   n   are given in [37] as a function of the Re and Pr numbers.



Figure 11 compares the Nusselt numbers obtained by the CFD model and by the Zhukauskas correlation for different Reynolds numbers, which were obtained for different combinations of the parameters. The obtained range of the Reynolds number covered the entire range in which the correlation was applicable. As shown, the model reproduced the Nusselt number values predicted by the correlation well. The maximum deviation was 9.49%, which was sufficiently convincing, since the error bar for the correlations was about 20% (as shown in Figure 11), according to [37].



At this point, the CPC was reintroduced in the computational domain to simulate the Fresnel case and the CFD model was run again for the same Reynolds numbers previously considered. As can be observed in Figure 11, the Nusselt number was much lower in the case with the CPC unit, which corresponded to the actual Fresnel system. This mainly arose from the lower convective heat transfer around the glass envelope due to the semi-cavity effect provided by the CPC. The magnitude of this difference was more considerable for forced convection in contrast to natural convection (Figure 10 vs. Figure 11) because of a higher air velocity magnitude, and accordingly, major variation in the heat transfer coefficient. However, in percentages, the difference was relatively comparable (~50% vs. ~70% on average in the cases of natural and forced convection, respectively).



The form of the Zhukauskas correlation (Equation (10)) was considered to develop a correlation suitable for the Fresnel case (receiver and secondary concentrator). For this purpose, the coefficients   C  ,   m   and   n   were recalculated according to the results of the CFD model. The best interpolation of the data determined the coefficients   C  ,   m   and   n   to be 0.165, 0.52 and 0.37, respectively (see Equation (11)).


      N u  ¯    D   = 0.165     R e   D   0.52       P r   a   0.37            P r   a       P r   g          1 / 4    



(11)







The resulting value of the coefficient of determination (    R   2    ) was 0.99, which represented an adequate accuracy.





5.4. Results of the Thermal Analysis


In this section, the results computed by the 1D model are presented in terms of the thermal performance for different configurations, providing an assessment of the net annual energy yield. Figure 12 shows the meteorological data comprising the DNI, wind speed and ambient temperature for a reference location (Karas, Namibia), considering a reference day with a high DNI, characterized by relatively large fluctuations (13 November). Figure 13 outlines the thermal performance of the different systems for this reference case. Early in the morning, the receiver outlet temperature started increasing (Figure 13a) following the increase in the DNI (Figure 12). However, the increase in the outlet temperature showed a delay for the case of the LFC compared to the PTC due to the difference in their optical performance as the PTC, in spite of the LFC, was not influenced by the transversal effects early in the morning when the incidence angle was higher (see Figure 5). This upsurge in the temperature was sharper for the evacuated tubes thanks to the lower heat loss compared to the non-evacuated ones (Figure 13c). In addition, the higher heat loss from the non-evacuated tubes led to the lower thermal efficiency during the daytime compared to the evacuated ones (Figure 13d). Once the HTF outlet temperature reached the desired value (500 °C), the mass flow rate started increasing from the minimum value, continuously regulated based on the DNI value (Figure 13b). The minimum required mass flow rate was higher for the non-evacuated tubes due to their higher heat loss (Figure 13c), leading to a greater temperature drop along the receiver tube during the night.



Moving to the annual-based comparison, Figure 14 shows the monthly values of the meteorological data for each of the reference locations, namely, Calama (Chile), Karas (Namibia), Leinster (Australia) and Adam (Oman), during the year (data from [40]). As shown, the location in Chile had the highest yearly solar direct beam potential with 3409 kWh/m2, while the lowest yearly potential corresponded to the location considered in Oman, with 2183 kWh/m2. The latitudes of the aforementioned locations were the following: Calama (Chile) was located at 22.49° S, Karas (Namibia) at 25.63° S, Leinster (Australia) at 27.79° S and Adam (Oman) at 22.51° N. For each location, hourly meteorological data comprising the DNI, wind speed and ambient temperature were considered to calculate the annual energy yield by means of the 1D model.



Figure 15 displays the net monthly energy yield during the year calculated for the reference locations considering different configurations. Considering the N–S alignment of the receiver tube, during the summer, the collectors are exposed to extended duration of the sunlight with a high transversal angle early in the morning and late in the afternoon. Consequently, the optical performance of the LFC is dramatically influenced in this period, despite the PTC that remains unaffected by this factor (see Figure 5). As a result, the PTC performance is much more efficient at the beginning/end of the year for the locations in the southern hemisphere, as shown in Figure 15. However, for the location in Oman, closer to the equator, smaller variations in daytime duration throughout the year results in a more balanced ratios of PTC/LFC in terms of the net monthly energy yield. Moving to the comparison of the evacuated and non-evacuated tubes for each individual technology (PTC or LFC), identical patterns of variations can be observed throughout the year for both configurations, regardless of the location. This is because the difference in the thermal performance remains almost constant owing to the same patterns of wind speed throughout the year (see Figure 14).



Figure 16 outlines the net annual energy yields for the reference locations and for the different configurations. As expected, the evacuated tube allowed for a higher net energy yield to be reached compared to the non-evacuated tube because of the higher thermal efficiency for the evacuated case. This higher efficiency was due to the lower heat losses ensured by the evacuation. This result applied to both the PTC and LFC technologies, independent of the location. The PTC generated higher energy in both evacuated and non-evacuated cases thanks to the better optical efficiency in comparison with the LFC. In fact, the parabolic shape of the PTC resulted in a more efficient optical design by focusing sunlight more effectively onto the receiver tube, compared to linear mirrors of the LFC. However, the benefit of the PTC with respect to the LFC was lower than the performance improvement obtainable using an evacuated tube instead of a non-evacuated one. Moreover, the contrast in the net annual energy yield generated by the PTC and by the LFC was less noticeable when considering the non-evacuated tubes in comparison with the evacuated tubes for each location. This is because the LFC receiver tube was protected against the wind by the secondary concentrator; thus, it was less sensible to convective heat losses, which instead strongly penalized the PTC without the thermal insulation provided by the vacuum. Comparing different locations revealed that the ratio of the net annual energy yield generated by the non-evacuated tube to that generated by the evacuated tube remained unaffected by the location (approximately 0.72 for the PTC). In fact, due to the relatively identical wind speed for all the locations throughout the year (Figure 14), the difference between the two configurations in terms of the thermal performance was not influenced by the location. Similarly, the ratio of LFC/PTC in terms of the net annual energy yield remained almost unchanged across the locations (approximately 0.86) due to the absence of variation in the proportional optical performance. In addition, the net annual energy yield followed the trend of the available yearly DNI (Figure 14), as expected.



The results obtained in the thermal analysis of various linear CSP systems could have significant implications for real-world CSP installations. For instance, it was noticed that, independent of the location in the northern/southern hemisphere and the latitude, the ratio of LFC/PTC in terms of the net annual energy yield consistently increased with an increase in the DNI. In fact, a higher yearly solar irradiance generally implied higher peak DNI values during midday throughout the year, when the optical performance of the LFC tended to be significantly higher compared to early morning and late afternoon. Nevertheless, the impact of this trend on the PTC was less substantial. Furthermore, no major variation was observed in the ratio of the net annual energy yield generated by the non-evacuated tube to that generated by the evacuated tube for various locations. This is because of the relatively identical wind speed for all the locations throughout the year. In addition, the dispatchability of CSP plants could be further enhanced by the integration of thermal energy storage systems. According to the results of the thermal analysis, it can be concluded that the evacuated PTC would provide better compatibility with a storage system among all technologies under investigation since it ensures a reduced demand for auxiliary power production.





6. Economic Analysis


To properly compare the different linear systems (PTC and LFC) by adopting different receiver technologies (evacuated and non-evacuated), an analysis was carried out to exploit the results of the thermal analysis, i.e., the net annual energy yield. This economic analysis was based on the data reported in Table 4. Although economic parameters may have varied for the different locations in terms of labor costs, land costs, etc., or encountered challenges in terms of governmental regulations and incentives, assuming the same cost of data across the locations was still reasonable. Firstly, a huge proportion of the capital costs, including the costs of equipment provided by global suppliers, would not have varied with location. Secondly, a sensitivity analysis was conducted in Section 6.1, taking into account the variability in the cost data among the locations.



This economic comparison was based on the Levelized Cost of Electricity (LCOE) in EUR/MWh, which is a key parameter in the financial evaluation of power plants because it represents a standardized criterion for evaluating the long-term economic viability of power plants, taking into account the initial investment, operational cost, discount rate, lifetime of the power plant and net annual electricity output. The LCOE is defined as the following [47,48]:


  L C O E =    C A P E X ×     d     1 + d     n         1 + d     n   − 1     + O P E X   N A E O     



(12)




where CAPEX is the capital expenditure of the plant, d is the discount rate, n is the useful life of the plant, OPEX is the annual cost of operation and maintenance, and NAEO is the net annual electricity output (energy yield) provided by the plant in MWh. In order to calculate the LCOE by using Equation (12) for different configurations, the NAEO was obtained by the thermal model (Section 5.4), and the other parameters are given in Table 4.



Figure 17 shows the LCOE computed for the reference locations considering the different configurations. It should be noted that, although the economic data did not change with the location, the economic portion in the LCOE correlation (Equation (12)) varied proportionally to the net energy yield across the locations in terms of power block cost and TES system cost. Considering the evacuated tubes, Figure 17 indicates that the PTC was more economical compared to the LFC because the higher capital cost (see Table 4) was compensated by the higher optical efficiency, which led to a higher net energy yield (see Figure 16). This result also depended on the fact that the LFC technology is less mature than the PTC and there is still space for relevant improvements [50]. Moving to the non-evacuated tubes, the scenario was different, since the LFC allowed for reaching a slightly lower LCOE compared to the PTC, which meant that the lower capital cost of the non-evacuated LFC outweighed its lower net annual energy yield. This is because the difference between the net annual energy yield provided by the PTC and by the LFC was lower in the case of the non-evacuated tubes compared to the evacuated ones for each location (as discussed in Figure 16). In addition, it was evident from Figure 17 that the evacuated tubes showed lower a LCOE compared to the non-evacuated tubes for the different locations in spite of the higher cost of the evacuation of the receiver tube. This is due to the fact that the increase in the thermal efficiency, and consequently, in the net annual energy yield provided by the vacuum outweighed the higher capital cost required for evacuating the tube. In other words, the enhancement in the thermal performance due to the thermal insulation provided by the vacuum justified the cost of the evacuation.



6.1. Sensitivity Analysis


To investigate the impact of different parameters on the LCOE, performing a sensitivity analysis was essential. Moreover, since the cost data could be variable for different locations considered in this study, the sensitivity analysis could take into account the cost variations among the locations. In this section, a sensitivity study was conducted based on the parameters that affected the LCOE (Equation (12)), namely the optical efficiency (and corresponding net energy yield), solar field HTF, CAPEX, OPEX and discount rate. The reference location for this study was that in Namibia with a DNI of 2962 kWh/m2/year (see Figure 14b).



6.1.1. Optical Efficiency


Starting with the optical efficiency, the annual average values, based on the results of Section 6, were 61% and 47%, corresponding to the net annual energy yields of 2235 MWh and 1926 MWh for the PTC and the LFC, respectively. The relevant difference in the optical efficiency was the main reason for the lower energy yield of the LFC compared to the PTC. In this regard, a sensitivity analysis was performed by varying the annual optical efficiency of the LFC, and accordingly the net annual energy yield, to assess the impact of variations in the LCOE. This study was performed through an analytical approach aimed at determining the minimum value of the annual optical efficiency for the LFC that would lead to the same LCOE of the PTC. This analysis demonstrated that an increase of approximately 6% in the annual optical efficiency of the LFC would lead to an increase of 245 MWh in the net annual energy yield. This variation corresponds to a reduction of over EUR 3/MWh in the LCOE of the LFC, which would make it as economical as the PTC, assuming that this improvement in the optical performance could be achieved without further increasing the capital cost of the plant. Such an improvement could be feasible as proven by Ref. [51], in which an optimized LFC system could reach an annual optical efficiency of over 60%, increased by 13% compared to the original non-optimized LFC system. Nevertheless, the potential economic consequences of this optimization have not been investigated.




6.1.2. HTF


As mentioned in Section 2, molten salt was considered as the HTF in this study with an operational temperatures of 290–500 °C. However, linear CSP systems may operate at lower temperatures as well. By reducing operating temperatures, the thermal insulation provided by an evacuated tube should impact thermal efficiency progressively less; in fact, heat losses depend on the temperature of the HTF. Therefore, the non-evacuated tube technology may have had a better LCOE than the evacuated tube case for sufficiently low temperatures. In this respect, a sensitivity analysis based on the HTF temperature was performed to identify the impact of this parameter on the LCOE. Hence, the reference plant with molten salt was compared with two other cases: a medium-temperature plant with thermal oil (Therminol VP-1) as the HTF operating at the temperatures of 290–400 °C and a low-temperature plant with thermal oil (DelcoTerm Solar E15) as the HTF operating at the temperatures of 180–300 °C. The power cycle efficiencies for the Rankine cycle were considered to be 35% and 31% for the medium-temperature and low-temperature plants, respectively [34,35].



Figure 18 shows the LCOE variations using different HTFs at low, medium and high temperatures. As expected, using molten salt as a high-temperature HTF led to a drop in the LCOE because of the increase in the electricity production provided by the higher temperature. However, the non-evacuated LFC indicated a bigger drop in the LCOE with an increase in the HTF temperature compared to the non-evacuated PTC, which demonstrated a relatively greater advantage of the LFC at higher temperatures. This fact implies that the percentage of the increase in the net energy yield with the increase in the HTF temperature was slightly greater for the LFC compared to the PTC. This is in agreement with the annual thermal efficiencies where, corresponding to the increase in heat losses due to an increase in the HTF temperature, the LFC encountered a relatively lower drop in the thermal efficiency compared to the PTC, due to the benefit of its secondary concentrator. Nevertheless, in the case of the evacuated tubes, a more considerable drop could be seen in the LCOE at higher temperatures compared to the non-evacuated cases. While the LCOE of the evacuated PTC accounted for nearly 86% of that of the non-evacuated PTC at low temperature, it dropped to 80.7% in the case of the high HTF temperature.




6.1.3. Capital Cost


Moreover, since the capital cost plays a crucial role in the LCOE, a sensitivity analysis was conducted to determine the impact of the capital cost on equalizing the LCOE for the evacuated LFC and the evacuated PTC. In this regard, the capital cost of the PTC was kept constant, while the capital cost of the LFC was varied. According to Figure 19, a reduction of over 4% in the capital cost of the evacuated LFC would make it possible to achieve the same LCOE of the evacuated PTC. However, such a reduction in the capital cost of the LFC should be achieved based on equal performances of the plant.






7. Conclusions and Perspective


This work compared different line-focusing systems (PTC and LFC) and different receiver technologies (evacuated and non-evacuated tubes) from optical, thermal and economic viewpoints. For this purpose, a 1D receiver model was developed along a collector axis evaluating the net annual energy yield, considering hourly meteorological data for the entire year to be exploited in the economic analysis for each configuration. The 1D receiver model was supported by two models: an optical ray-tracing model and a lumped-parameter model.



In the case of the LFC system, the presence of its secondary concentrator strongly affected the external air flow surrounding the receiver, which made the common correlations for cylinders in cross flow not applicable here. For this reason, the development of a 2D steady-state CFD model was necessary to simulate the convective heat transfer occurring between the glass envelope and the environment, considering the presence of a secondary concentrator (CPC) for different glass temperatures, wind speeds and ambient temperatures. The results of this analysis allowed for the generation of proper correlations for the convective heat losses in the case of the LFC system. The CFD analysis proved that the heat lost by convection in the case of the LFC receiver unit was much lower in comparison with the case of the PTC, which could be properly described by correlations suitable for cylinders in cross flow. This is because the CPC unit actually protected the receiver against the wind, exhibiting a semi-cavity effect. In the absence of wind (natural convection), the CPC unit still allowed for the reduction in convective heat losses since it trapped the heated air that moved upward, reducing the replacement of the hot air with fresh air at ambient temperature.



The thermal performance of the different configurations was investigated using a 1D receiver model considering four reference locations with DNIs varying from 2183 kWh/m2/year to 3409 kWh/m2/year. The results showed that the PTC could generally generate a higher net annual energy yield than the LFC, both with evacuated and non-evacuated tubes, due to the better optical performance provided by the parabolic solar collector. However, the difference between the net energy yield provided by the PTC and by the LFC was lower in the case of the non-evacuated tube, owing to lower heat losses from the LFC receiver tube.



Subsequently, an economic analysis was performed based on the LCOE, exploiting the net annual energy yield computed for each location by the thermal model and considering the cost data collected from the literature. It was found that the PTC system led to a lower LCOE in the case of the evacuated tubes, with the lowest LCOE of EUR 63.4/MWh for the highest DNI location (in Chile), as the higher capital cost of the evacuated PTC was compensated by the higher optical efficiency, which is in agreement with the previous findings available in the literature. However, the non-evacuated LFC represented a slightly lower LCOE compared to the non-evacuated PTC for various locations, since the lower capital cost of the non-evacuated LFC outweighed its lower net annual energy yield. Additionally, the evacuated tubes demonstrated lower LCOEs compared to the non-evacuated tubes.



Moving to the comparison of the locations with regard to each individual configuration, the lowest and the highest LCOEs were found for the locations considered in Chile and in Oman, respectively, following the trend of the net annual energy yield. Finally, a sensitivity analysis was performed based on the key parameters involved in the LCOE, including the optical efficiency (and corresponding net energy yield), solar field HTF, CAPEX, OPEX and discount rate. It was found that an increase of approximately 6% in the annual optical efficiency of the LFC would result in an increase of 245 MWh in the net annual energy yield, corresponding to a reduction of over EUR 3/MWh in the LCOE. Such an improvement in the LFC would make it as economical as the PTC, assuming no further increase in the capital cost. The sensitivity analysis using three different HTFs at low, medium and high temperatures demonstrated a more considerable upsurge in the LCOE for the evacuated tubes at lower temperatures compared to the non-evacuated cases. Furthermore, the variability in the economic parameters was investigated through a sensitivity analysis on the input cost data, and this revealed that a reduction of nearly 4% in the capital cost of the evacuated LFC would make it possible to achieve the same LCOE of the evacuated PTC. These improvements require advancements in its mirror design, more accurate tracking mechanisms or any structural innovations in the LFC technology. It should be noted that, although some uncertainties were addressed to some extent by including crucial parameters in terms of the contingency, EPC and owner cost in this analysis, specific challenges related to governmental regulations and incentives may still vary among different countries.



In perspective, the present work could be the starting point of further investigations. The CFD model developed in the present work could be validated experimentally by considering the LFC receiver unit investigated in this study. In addition, more optimized LFC designs could be established to make it more competitive with PTC technology. Furthermore, a techno-economic analysis could be carried out considering more enhanced selective coatings for non-evacuated tubes
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Figure 1. Scheme of the cross section of the receiver unit. This configuration was the same for both of the PTC and LFC technologies, except for the secondary concentrator, which only exists in the case of the LFC technology. 
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Figure 2. Emissivity as a function of the temperature for the two coatings implemented for the evacuated and non-evacuated tubes. 
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Figure 3. Global view of the methodology for the techno-economic analysis highlighting the optical analysis (Section 4), thermal analysis (Section 5) and economic analysis (Section 6). 
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Figure 4. The solar system simulated in Tonatiuh considering the Sun in the east and the Sun’s altitude being equal to 40°, with a reduced number of simulated photons for visualization purposes. 
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Figure 5. Incidence angle modifier components for the LFC and PTC technologies. 
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Figure 6. The scheme of the 1D model discretized along the receiver axis with the boundary conditions applied. 






Figure 6. The scheme of the 1D model discretized along the receiver axis with the boundary conditions applied.



[image: Processes 12 02376 g006]







[image: Processes 12 02376 g007] 





Figure 7. Heat fluxes along the radial direction considered in the lumped-parameter model, from Ref. [16]. 
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Figure 8. Experimental setup for obtaining the heat loss from the absorber tube demonstrating the schematic locations of the thermocouples. 
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Figure 9. Comparison between the experimental data and the computed results by the lumped-parameter model for the heat loss. 
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Figure 10. Comparison between the CFD model and the two correlations for natural convection around a cylinder with error bars (green dotted line for Churchill–Chu and black dotted line for Morgan) and computed Nusselt numbers for natural convection around the Fresnel collector. 
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Figure 11. Comparison between the CFD model and the Zhukauskas correlation for the circular cylinder in cross flow with the error bar and computed Nusselt numbers for forced convection around the Fresnel collector. 
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Figure 12. Meteorological data including the DNI, wind speed and ambient temperature for the reference location (Karas, Namibia) and the reference day (13 November). 
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Figure 13. Thermal performance of the different configurations considering the reference day (13 November) in terms of the (a) receiver outlet temperature, (b) mass flow rate, (c) mean heat loss and (d) thermal efficiency. 
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Figure 14. Reference meteorological data including DNI, wind speed and ambient temperature for the different locations under investigation. 
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Figure 15. Net monthly energy yields for the reference locations during the year considering the different configurations. 
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Figure 16. The net annual energy yields for the reference locations considering different configurations. 
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Figure 17. The LCOEs for the reference locations considering different configurations. 
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Figure 18. LCOE variation using different HTFs operating at low, medium and high temperatures for various configurations. 
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Figure 19. Sensitivity analysis representing the impact of the capital cost on equalizing the LCOE for the LFC and the PTC. 
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Table 1. Chosen values for the main geometric and optical parameters characterizing solar fields and receiver units.
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	Parameter
	LFC
	PTC





	Number of parallel mirror lines
	10
	1



	Collector aperture width (m)
	0.625
	5.9



	Collector focal length (m)
	4
	1.81



	Distance between adjacent mirrors (m)
	0.825
	–



	Total length of the receiver tube (m)
	800
	800



	Outer/Inner absorber tube diameter (m)
	0.070/0.064
	0.070/0.064



	Outer/Inner glass cover diameter (m)
	0.125/0.119
	0.125/0.119



	Primary mirrors’ reflectivity
	0.94
	0.92



	CPC reflectivity
	0.90
	–



	Glass transmissivity
	0.96
	0.96



	Glass refractive index
	1.52
	1.52



	Glass extinction coefficient (m−1)
	0.21
	0.21



	Receiver tube alignment
	North–South
	North–South










 





Table 2. Properties of the two coatings for the evacuated and non-evacuated tubes [31].
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	Configuration
	Coating
	Absorptivity
	Emissivity





	Evacuated
	CERMET
	0.95
	   ε = 0.07513 + 2.2 ×   10   − 7     T   a b s   2   [ °C ]   



	Non-evacuated
	AIR PLUS
	0.943
	   ε = 0.02339 + 1.38 ×   10   − 4     T   a b s   [ °C ] + 1.76 ×   10   − 7     T   a b s   2   [ °C ]   










 





Table 3. Parametric space investigated in terms of the range of values for the parameters considered.
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	Parameter
	Minimum Value
	Maximum Value





	Vw (m/s)
	0
	10



	Tamb (K)
	273
	313



	Tglass (K)
	300
	450










 





Table 4. Assumed cost data for the present economic analysis of the linear CSP plants.
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	Parameter
	Value
	Reference





	PTC solar field (EUR/m2)
	161 *
	[24,41]



	LFC solar field (EUR/m2)
	138 *
	[42,43]



	Evacuation of the tube (EUR/m)
	32
	[22]



	Site improvement (EUR/m2)
	18 *
	[42,43]



	HTF system (EUR/m2)
	43 *
	[42,43]



	Power block (EUR/kWe)
	1010 *
	[42,43]



	TES system (EUR/kWht)
	29 *
	[42,43]



	Contingency (% of direct cost)
	7
	[23,44,45]



	EPC and owner cost (% of direct cost)
	10
	[23,44,46]



	Discount rate
	0.1
	[47,48,49]



	Useful life of the plant (years)
	30
	[47,48,49]



	Annual cost of operation and maintenance (% of CAPEX)
	2
	[47,48,49]







* Currency conversion (30 August 2023): EUR 1.00 ↔ USD 1.09.
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